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Use of Molecular Beams for the Radio-Spectroscopic®’
Studv of the Rotational Spectra of Molecules
N, G. BASOV & A, M, PROKHOROV 7#/* 73 -fT/}V
Zh, Eksp. Teor, Fiz.,, vol., 27, No, L(10), 195k, pé%%liﬁga

Abstract: Methods are developed for using molecular beams to investigate
the rotational spectra of molecules, The use of molecular beams permits ob-
taining narrow spectral lines with a width of ~ 7 kec, and makes possible the
study of the rotational spectrum of substances which normally are found in the
solid state,

Introduction

The great limitation to the use of the radio-spectroscopic method in the
investigation of the rotational spectra of molecules is thét ‘only substances
in a gasiform state possess rotational spectra, In practice, it is necessary
to have vapor pressures, for the substance under investigation; of ~10=2 mm Heg,
since at lower vpressures the line intensity decreases; Therefore, in order to
investigate the rotational spectra of substances which are solids under normal
conditions, 1T 15 NETESSary U0 ledl Lle duduiuiug oeanr or onl Spolirosceps *o
that temperature for which the vapor tension of the substance under studv would
reach ~v10°2 mm Hg . Such a means of investigation leads to a loss in the
resolving power of the radio-spectroscope Since the heating of the substance
widens the spectral lines because of the Doppler effect and the molecular cole
lisions with the walls of the absorbing cell,

It should be noted that the investigation of solid compounds is of especis?
interest since suffi@iently simple gasiform compftunds pessessing dipole moments
are unknown for many elements, The majority of the solid ionic compounds have
large dipole moments, i.e., cén be investigated bv the radio=spectroscopic

methcd. For examole, gasiform cormpounds are unknown for the rare-ecarth group

of elements which would assist in making possinie the determination of the



nuclear moments of these elements,

The width of the spectral lines may be decreased substantially if the micro-
wave absorption is observed not in a gas, as is done in radio-spectroscopy, but
in a molecular beam, The line width of a molecular beam, "monochromatic" in
terms of Qeiocity, is determined by the time-span of the molecule in the field -
of microwave radiation, TFor example, if the length of the flight of the molecule
in the field ecuals 1 e¢m and the velocity of the molecule is 500 M/sec then

the half-width of the line is found to be equal to

(1) Av=-2—1—=8kc

where 7 is the time of Tlight of the molecule in the radiation field,

In view of the velocities of the molecules in the beam not being identical,

broadening
it would appear to be necessary to take the Doppler into account in the
_ broadening
beam also. It is possible to get rid of the Doppler line- - in a nonmono-

"

chromatic-velocity beam of molecules if such waves are excited in the cavity
resonator or waveguide feor which the phase velocity would be infinite in the
direction of beam propagation, - This is a result of the frequency displacement,
as can be shown, being determined by the ratio of the velocity of the beam

molecules to the phase velocity of the waves in the direction of beam propagation.1

1, Molecular Beam
The numter of molecules excaping from a slot source of a molecular beam in

one second equalss

.

(2 N =2 nva

) l

where Vv = ﬁkﬁ is the average velocity of the beam molecules; n is the
T

molecule density within the source of the molecvlar beamy a 3is the area of
the slot source and M is the molecule mass,

S e broadening
1. It should be noted that the Dappler of the lines of a gas
molecule filling the cavity resonator or waveguide eduals the Doppler broadening

of the lines of a gas in free space,




3.

The number of beam molecules falling normally on an area S perpendicular

to the plane of the slot source equals
N
(3) Ny =—%S
S R—

where r is the distance between the plane S and the slot source.
The following humber of molecules is found from this number of molecules on
the rotational level characterized by the quantum number of the rotational mome

entum J and the vibrational quantum number v :

E ' ‘
g exp(; _ij g exp(_._z)
(L) Niv = Ng - R =
Qrot Qrib

where EJ is the rotational energy of the molecules;

=1

g5 is the statistical
weight of the rotational state; Qrot is the rotational statistical sum; E,
is the vibrational energy of the molecules; g, 1s the statistical weight of

the vibrational state and Qvib is the wvibrational statistical sum.

As the beam of molecules passes throush a high-frequency field of frequency

E - E
Y= _Jil_ﬂ——;i , the number of molecules absorbing the energv equals

Ny N h
(5) Noy = g j—y - IV oy 2
act >J 25 By : JV ¥xr

The last equality holds because h7 ¢ kT for the microwave region.
Therefore, as a consequence of the almost-identical population of the EJ

and E rotational levels, only an %% part of the molecules ocut of the

J+1
total number of the molecules on the EJv level takes part in the absorption
of the microwave energy. We call those molecules which take vart in the enersy
absorption, active molecules,

As a consequence of the molecules in the molecular beam not interacting, a

deviation in the molecule equilibrium distribution over the energy levels is not

removed,



L.

This viellds the possibility of increasing the number of active molecules by
séparating' them according to rotational states. This separation of the mole-
cules according to rotational state can be obtained by passing the molecular
beam through an inhomogeneous electric field with field gradient perpendicular
to the direction of beam propagation. Because the projection of the effective
dipole moment in the direction of the external field depends on the quantum

number J and its projection in the external field M the molecules in the

J?
various rotational states are deflected differently by the inhomogeneous electric
field and, therefore, the molecules in specific rotational states can be separated
out, Such a sérting method is used in the resonance method of molecular beams
[1]. The use of sorted molecules makes possible increasing the number of active
molecules by ~~ %% times,

The maximum density of the molecules in the beam is determined from the
condition that there would not be collisions between the beam molecules during
the time the molecules were in the high-frequency radiation field. It can be
chown thot tho moon froc poth oF +he malarmles in the heam eanals apnroximatelv
the mean free path of molecules in a gas if the density of the gas molecules is
equal to thé density of the beam molecules.

In using the molecules sorted according to rotatiovnal states, the maximum
beam density is determined from the condition that there be no collisions between

the molecules while in the sdrting electric field and in the radiation fieldo2

2, Sensitivity of the Spectroscope
The spectroscope sensitivity is determind by the noise level of the crystal

detector through which the energy absorption of the gas molecules is observed,

2, It should be noted zﬁéfvthe g;s;kihetic diameter of molecule collisions
is less than the microwave diameter of collisions,
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varies
Since at low powers, the crystal noise - - slightly with the variation of the

power at the crystal, then the sensitivity of the spectroscope increases with
the increase of the absolute value of the power absorbed by the molecules. The
magnitude of the power absorbed by the molecules is proportional to the power
of the high«frequency radiation through which the molecular beam passes if there
is no saturation effect, '

Let us determine the optimal amount of .power of the high~frequency radiation,
The probability of a molecule transition from the m state to the n state in
the time T , under the action of radiation, is determined by the formula [2]:
© e eol-3)
where

1_ & el ppl°

(7) =
v 3h2(AY )

p(v) is the density of the radiation energy of the high-frequency field; Ay
is the half-width of the spectral lines; pﬁ is the matrix element of the
HULIEGULT GLpULS momoiive

The time the molecule remains in the radiation field is determined by the
magnitude of <« , the time the beam molecules are in the high-frequency field,
The time the molecule remains in a given state is determined by the magnitude
of ¥ which is related to the radiation field demnsity p(¥) . If ¥ { ¢ , then
saturation approaches, whereapon thé spectral line-width will bedetermined not
by the time <2 , but by the life-time of the molecule in the givenstate, i.e,,
by V.

If ¥ > T, then not all the active molecules take part in the energy
absorption during the time they are in the highefreouency field. The optimum

value of p(¥) should be chosen so that T2 Y ; hence L3% of the active
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Molecules take part in the absorption.3 The maximum possible value of the
absorﬁed energy is obtained when one half the active molecules make a transition from
a lower state to a higher°
Thus the optimal density of radiation Popt(v) is determined by the
equality
(8) Y=
Hence, taking (7) and (1) into account,-we obtain
3n2(Aw)2
ln| |2

For the Popt(v) field density, the beam molecules absorb energy eaual td’}'

(9) Popt ) =

(10) Egps = 0.43 Ny h?

It should be noted that Popt(V) ?epends, for transitions between levels
with given J , also on M;, consequenflv, a8  popt (V) should be taken some
average value of the optiﬁum values for each Ziemann component,

wﬁen molecular beams are used the energy density p(zd which is obtained
e ransidarahly lace than the anergw dencitw in-the uenal »odic cpestirccocry,
since in the beam case narrower lines are obtained. It is easy to show that
for low values of energy flow, use of a superheterodyne receiver gives an un-
doubted advantage in sensitivity. If the flow of power eguals P , then the
minimum observable variation in power within the background noise when a super-
heterodyne receiver is used equals

(11) AP = 2 \/ PP

where P

n 1is the neise power,

The magnitude of the noise power for a superheterodyne receiver with the

pass band Af equals

3, It should be kept in mind 'that at T =% the line is broadened bv
M = AV,



Te

(12) P = FKTAf
where F is the noise-factor of the receiver,
Let us consider different variations of using molecular beams to study

the rotationsl spectra of molecules,

3. Spectroscope with a waveguide absorbing cell
Let the electromagnetic radiation be propagated along the ox axis in
which the ground wave is excited (fig. 1).
According to (9), the optimum power of the energy flow eaquals
2 2
(13) - Popt, = ﬁlgﬂ;g}— bd
where c¢ 1s the velocity of light,

If a molecular Esfm passes parallel to the oy axis through such a waveguide

7 t broadening
Z{ ' i // then the Doppler ® of the spectral
ol o i& 1lines will not exist since the phase
/f* / i )@F velocity of propagating the ground wave
/ vy v N in this direction is infinite, If a

divergent molecular beam is used, then
Figure 1
it is necessary that the Doppler broadening

because of the Yy velocity component of the molecuig whould give a Doppler
line width less than the line width related to the time the molecules are in

the radiation field, i.e.,
c

(1) "l T AT

Therefore, the admissible scattering angle of the beam molecules will be

(15) tan a'< ¥ = <

v n 7/ob \/ 2n 1n 2

The expression (15) shows that only part of the molecules of the beam,



which leave the slot source, can be used to observe the rotational lines,
If there are K vertical slots of area a in the source, then the fol=-

lowing number of active molecules will flow through the waveguide:

(16) Nact = KN, llk.%’

where B 1is the use coefficient of the molecular beam determined by (15) and

the geometry of the apparatus,

The amount of energy absorbed by these molecules equals, according to (10),
: hy 2
(17) E = 0.43 pr, {B2)

According to {11), for this absorption of energy to be observed, the
condition

(18) 1 0¢ B2
LP

opt

must be fulfilled., The quantity P “is determined by (13).

opt

An nv avawmnla Tat e aanocddan tha naccihili+r Af Ahaeorvine tha natatiAnal
2T e 2 a neeiRi 1Ty ol ohgerying The raTationz2_

B i e ) —m—————— —=— =

“-o .

transition J = 1—>J = 2 of a molecule of CsF , Let K = 200; B = 0.03
2
3
7=17700me 3 T = 850°C , F= 40, Af = 0,1 cps . Then Av=Tke ; E = 3¢1071%W;

a=00lcmsbe=d=lenjn=10%; |pd| =2 p2; p = 7.3:20718 cosg

wo

-8 -22 -1
Px5:20"0W; P =21022W; Py, = 6207w,

ws

Therefore, a 50 times increase of signal over noise can be expected.,

The spectroscope described here used up 75 gr. of substanece in one hour,

In the computations cited above, the possibility was not taken into account
of sorting the molecules by rotational states, The use of molecules sorted into

states is considered below when a cavity resonator is used as the absorbing cell,
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L. Spectroscope with a cavity resonator

As absorbing cell, let a rectangular resonator be used, in which H011

oscillation is excited, If a molecular beam passes through this resonator in
broadening

the ox direction, then there will not be any Doppler of the spectral
lines since the phase velocity of the electromagnetic»wavé propagation will be
infinite in this direction.

If a divergent beam be used, then it is necessary that the Doppler width of
the line because of the Vy amd vi5 velocity components should be less than the
width of the line‘specified by the time for the molecule to pass through the

resonator, i,e.,

(19) = Jv2 + V2 c
K V+ Z<ﬂr'l/OV2n1n2

Therefore, the admissible beam scattering angle is determined bv the condi=-

tion
v, (o]
(20) tana ¢ X =
: Vo oary J/2n1n 2
Ten A2 eatvn £9AN accad IO\ 23 venm nmmcimmerd bhhadk dlha mheaona wralAandter AP e rretra 4
Aaar u\JLJ.V.I.ALS \ -/ / AL LA \ =y - Y AN R ddi e T TER St - m— - faduladeate i R Bt g of - — R — [ — —_—

the oy direetion equals the phase velocity of the wave in the o2z direction,
In order to sustain the optimum field density p(v) within the cavity

resonator, it is necessary to introduce the energy Popt into the resonator:

_ 2np()bd ] 3n°(av)°wdbl

(21) P =
ot 7T 202

where Q i3 the quality of thé resonator,

In the derivation of (21), the energy was considered to be distributed
uniformly over the cavity resonator. As seen from (21), introducing the energy
into the resonator decreases the growth of Q proportionally. Consequently,
as follows from (11), in order to increase the sensitivity of the spectrascope

the Q of the resonator must be increased. 1In order to obtain a high Q in
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the resonator, it is necessary to eliminate the losses because of the openings
in the resonator through whieh the molecule beam passes, This can be attained
by using as a_blocking filter a section of a cylindrical waveguide which has a
critical wavifzgighthan the wave—length of the molecule radiation,

The Q of the resonator can be increased considerably by means of regener=
ation with the aid of a traveling wavevtube. The Q _of the resonator can also
be made sufficiently high if the resonator be coolé@‘to the superconducting
state.

The number of active molecules obtained from a slot using sorting, equals
(22) Fact = BNJv
where B 1is the use coefficient of the beam molecules determined by (20) and

the geometry of the apparatus.

The amount of the energy absorbed by these molecules eguals, according

to (10),
(23) Egps = 0.l3 BN; h¥
[ 18— i . 49N Pl 1L lmiillaen da Lia alemaserad  2d e manmccaner et
AVUUL UL UV \dd /g 4L Uikl QGUMUL PUAVE UW 0w Ubmewe Yoty d v a sevw wm e ) v oeaey
ES .
(24) P, -2bs.
hPopt

The quantity Popt is determined from (21). The magnitude of the noise
is determined from (12),

The use of mélecules sorted according to rotational states mékes possible
the study not only of the absorption spectrum of mole;ules, but the radiation
spectra of molecules since it is possible to sort‘molecules as desired from the
beam, which-are either in the lower or upper state of the considered transition,

Bv using molecular beams in which there are no molecules in the lower state
of the considered tranSition, a molecular generator can be made. The operating

principle of a molecular generator is the following,
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A sorted molecular beam, with no molecules in the lower state of the cone
sidered tranaition, is passed through thé cavity resonator, During the time
the molecules are in the cavity resonator, part of the ﬁolecules make a transition from
the upper state to the lower losing energy to the cavity resonator. If the
power loss within'the resonator is less than the radiation power of the molecule
then selfuexcitation approaches, wherein the power in the resonator increases to
a qﬁantity determined by the saturation effect, Thereforé, self-excitation
épproaches, if }
(25) Ny hv B

loss

where Eloss is the power loss in the cavity resonator; namely,

(26) B = 2Epp

loss Q

Assuming that the energv in the cavitv resonator is distributed uniformly
over the resonator, let us write Epop as
(27) Epop = P(¥) V
where V 1is the resonator volume,
On the basis of (25)-(27) we obtain the self-excitation condition as
3vh( Aw)°
(28) Naot ) o
2Q|Pnl
The steady state of the generator is determined by the saturation effect,
The 1imiting amount of the power which can be obtained from such a generator is

(29) Epax = .;. Naet h¥

As an example let us consider the possibility of observing the rotational
transition J = 0~>J =1 of a CsF molecule. A temperature of 5750 K is
necessary to obtain a molecular beam, wherein 0,00025 part of the total number

of molecules is in the zero rotational state (J = 0).
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A flow of 101h molecules per second can be obtained for a 1° beam width.
There are 6+10° of these molecules in the J = 0, v= 0 state. Approximately

the same number of molecules are in the J =1, M. =0, v = 0 state, Since

J
no molecules in the J = O, v = 0 state are in the beam, then the number of
molecules which is found is the nuﬁber of dctive molecules.

The maximum energy which can be radiated in the resonator equals
(30) By = 1.6+107 W

We find the Q of the resonator from (28), for which self-excitation is

obtained:

2
(31) Q Y Ih(an)
zNact\Fg(z

Let V=35 cm s (A‘u)2 = 5107 sec,~? , then in the given case
(32) Q > 7.10°

Since it is practically impossible to make such a resonator, then.self-
excitation ié algg impossible in our case, However, in view of the beam density
not being the limit by far in our case for a mean free path of 1 cm , the
sélf-exéitéiion region can be realized for practicailyaattainable Q's which
exceed ﬁhe moleculéf beam density considerably.

For the easily-attainable Q ~ 5-103 and for the number of active mole-
cules n/3'109 , rotational transition can be studied with thenhelp of induced
radiation, Let us find the magnitude of the power which it wou;d:be necessary
to have in orde; to create the optimum energy density for induced molecule radi-
ation in the resonator. As a consequence of ]PE\ = ‘p;‘ the magnitude of Popt
can be obtained from (21):

(33) Popt, = h.9e10" 1 W
According to (2&), the observed variation of the power for F = L0,

Af = 0,1 cps equals the minimum
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(3h) APy = 2+10715 W
i‘. e,, an increase of signal over noise of 7 +times is obtained for the specified
beam density,
Physics Inst, P, N+ EEBEDEV January, 195&
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On Possible Methods of Obtaining Active Molecules
for a Molecular Generator
N. G, BASOV & A, M. PROKHOROV
Zh, Eksp, Teor, Fiz., vol. 28, No. 2, 1955, pp. 249-250

As was shown in [1], molecular beams must be used to create high resolving
power spectroscopes, In the same paper, the possibility was indicated of creat-
ing a molecular generator. It was proposed to obtain the active molecules to
produce the self-excitation region in the molecular generator by deflecting
molecules of a beam in inhomogeneous electric or magnetic fields. Such a method
of obtaining active molecules was applied in constructing a molecular generator
rej.

There is still another method of obtaining active molecules: namely, the
preliminary exposure of the molecular beam to an auxiliary high-frequency field
causing resonance transitions between the different molecule levels. Indicated
on figures 1 and 2 are possible variations of using the auxiliary radiation
freauencv V... to enrich the uover level in order to obtain a self-excitation

region at the frequency 7 .

3
W
2
Vawx
1
Vaux Vp
3 2
Figure 1 Figure 2

In the case shown in figure 1, the active molecules at the first level are
obtained at the expense of the transfer of the molecules by the high-frequency
field to the third level, Tf fhe high-frequencv fi€ld possesses suffieient” power

so that a saturation effect is attained, then the number of active molecules



2(15)

equals

1

where N; 1is the number of molecules at“the i-th Ilevel.

The number of active molecules at the first level increases as the increase
in the difference in the energy between the first and third levels relative to
the difference in energy between the first and second levels.- "Here it sheuld be
taken into account that the number of molecules at the levels in thermal equil-

ibrium is determined by the Boltzmann factor

(2) Ny ~ exp(}<§%)

where E; 1is the energy of the i-th level; T is the absolute temperature of
the beam molecules.

The same considerations are correct in the case pictured in figure 2, on
instead of an increase in the number of molecules at the first level, here there

occurs a decrease in the number of molecules at the second level, In this case,

the numper ol actlve molecuies equals
1

The methods we proposed can be used, for example, in the following cases,

1) Levels 1 and 2 are neighboring rotational levels belonging to the
same oscillatorv state of the molecule but level 3 belongs to an adjacent
oscillatory state of the molecules in which the rotational quantum number of
this level differs from the rotational quantum number of levels 1 and 2 by
AT = 0, +1 .

It is suitable to use the transitions between the oscillatory levels with

the 4J = + 1 wvariation since, in this case, no verv high requirements are

produced on the monochromaticitv of the auxiliarv radiation., Because of



3(16)

transitions between oscillatory levels, the majority of molecules drop into the
infra-red region of the spectrum, then the auxiliary radiation must belong to
this frequency range, It should be noted that the power of thermal sources of
infra-red radiation in existence at present is inadequate to obtain the saturation
effect,

2) levels 1, 2 and 3 are rotational levels of the molecule of the
asvmmetrical gyroscope type.

3) levels 1 and 2 are levels of superfine structure belonging to ident-
ieal rotational states and level 3 is a level of superfine structure of a
neighboring rotational level with resvect to 1 and 2 R

L) Levels 1 and 2 are levels specified bv an inversion twin belonging
to identical rotational states and level 3 .is one of the inversion levels of
the neighboring rotational state,

The proposed methods can perfit obtaining a sufficient number of active
molecules to create low-freaquency molecular generators,

Phvsies Tnst.. P. N. Lebedev January. 195k
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* This method is unsuitable for linear molecules for which the transition
between levels of superfine structure for AJ = O is forbidden,



